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a b s t r a c t
The interactions of arsenic species with platinum and porous carbon electrodes were investigated with
an electrochemical quartz crystal microbalance (EQCM) and cyclic voltammetry in alkaline solutions. It
is shown that the redox reactions in arsenic-containing solutions, due to arsenic reduction/deposition,
oxidation/desorption, and electrocatalyzed oxidation by Pt can be readily distinguished with the EQCM.
This approach was used to show that the arsenic redox reactions on the carbon electrode are mecha-
nistically similar to that on the bare Pt electrode. This could not be concluded with just classical cyclic
voltammetry alone due to the obfuscation of the faradaic features by the large capacitative effects of the
carbon double layer.
For the porous carbon electrode, a continual mass loss was always observed during potential cycling,
with or without arsenic in the solution. This was attributed to electrogasiﬁcation of the carbon. The
apparent mass loss per cycle was observed to decrease with increasing arsenic concentration due to aEnet mass increase in adsorbed arsenic per cycle that increased with arsenic concentration, offsetting thecarbon mass loss. Additional carbon adsorption sites involved in arsenic species interactions are createdduring electrogasiﬁcation, thereby augmenting the net uptake of arsenic per cycle.It is demonstrated that EQCM, and inparticular the informationgivenby thebehavior of the timederiva-
















CTwith carbon electrodes. Ibehavior of other species
. Introduction
Although arsenic is not particularly abundant in the earth’s
rust, it is a widely distributed element that is highly toxic (i.e.,
s inorganic As(III)) [1,2]. These properties and the solubility and
eactivity of arsenic compounds, make leaching and pollution of
atural waters by arsenic a matter of worldwide concern. This sit-
ation has provoked signiﬁcant research activity directed at the
evelopment of speciation and detection methods, and of efﬁcient
emoval techniques.
Speciation and quantiﬁcation of arsenic are difﬁcult because
he concentrations of interest in water are typically at g/L levels,UN
C
Please cite this article in press as: E. Morallón, et al., Arsenic species in
electrochemical quartz crystal microbalance, Electrochim. Acta (2009
hich are of the same order of magnitude as the detection limits
f many of the most relevant techniques [3]. Among these tech-
iques, electrochemical methods can be useful for both speciation
nd detection of arsenic at g/L levels [1,2,4].
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The removal of arsenic species can be accomplished via vari-
ous methods, including adsorption, precipitation, coagulation, and
membrane separation [5,6]. Inmostof thesemethods, theefﬁciency
towards As(III) removal is signiﬁcantly less than for As(V), which
makes it necessary to increase the pH of the solution to pre-oxidize
As(III) species. In the case of adsorption, however, apparently both
As(III) and As(V) can be removed under appropriate conditions [6].
Recently, electrosorption on porous carbons has been proposed
as a possible technique for arsenic removal from water [7]. Adsorp-
tion from solution by activated carbons is strongly dependent on
the chemical nature of the adsorptive (i.e.,molecular structure, size,
charge, etc.), the pHof the solution, ionic strength, porosity and sur-
face chemistryof the carbonmaterial [8]. Thus, the surface chargeof
theporous carbon relative to that of theadsorptive canhavea strong
inﬂuence on the adsorption process. In these cases, the adsorption
properties of the porous carbon may be modiﬁed via the applica-teractions with a porous carbon electrode as determined with an
), doi:10.1016/j.electacta.2009.02.023
tion of an electric potential, and the adsorption or desorption of 54
charged species may be achieved by changing the polarity of the 55
applied potential [7]. This type of experiment has been performed 56
with arsenic species in solution at conditions similar to those in 57







































































E. Morallón et al. / Electroc
The preceding motivated our interest in exploring the electro-
hemical behavior of arsenic species in porous carbon electrodes.
owever, the application of conventional electrochemical tech-
iques, like cyclic voltammetry, to porous carbons is complicated
y the characteristically large contribution of the double layer
harge of these materials. This impedes the direct observation of
aradaic processes, especially at low concentrations. A complemen-
ary approach used in the current work to help circumvent this
roblem, is the application of an electrochemical quartz crystal
icrobalance (EQCM) to monitor changes of the electrode mass
ith ng sensitivity, in addition to the detection of charge-transfer
eactions as with conventional electrochemical techniques. The
bjective of the current study is to investigate the electrochemi-
al behavior of arsenic species with a porous carbon through the
se of the EQCM.
. Experimental
.1. Materials
A powdered commercial activated carbon was selected (carbon
lack T-10157 fromCabot Corp.) to serve as an electrode. Theporous
extureof this carbonwascharacterizedbygasadsorption (N2 @77K
nd CO2 @ 273K) with an Autosorb-6 apparatus (Quantachrome
orp.). The N2 adsorption isotherms for this carbon are type I,
lthough with a wide knee (i.e., wide micropore size distribution),
nd a positive slope at relative pressures greater than 0.2, which
s indicative of the presence of mesoporosity. Speciﬁc surface area
nd micropore volumes were calculated by ﬁtting N2 adsorption
ata to the BET and Dubinin–Radushkevich equations, respec-
ively, resulting in SBET =1650m2 g−1, and VDR(N2) =0.66 cm3 g−1.
he volume of narrow micropores was obtained by ﬁtting the
ubinin–Radushkevich equation to the CO2 isotherm data, which
ave VDR(CO2) =0.41 cm3 g−1.
The charge of the carbon surface during adsorption is deter-
ined by the pH of the solution. The carbon surface charge will be
ositive at a solution pH less than its point of zero charge (pHPZC),
nd will be negative at a solution pH greater than pHPZC. The pHPZC
as determined using a modiﬁed version of the method proposed
y Noh et al. [9] from suspensions of increasing amounts of car-
on material (0.05, 0.1, 0.5, 1, 5 and 10wt%) in ultrapure water. The
amples were left to attain equilibrium in an agitated thermostatic
ath for 24h at 25 ◦C. After ﬁltration, the ﬁnal pHof the suspensions
as measured and the pHPZC was determined from the asymptotic
endency of the pH values of the different suspensions. The pHPZC
etermined in this manner was 7.1.
The arsenic solutionsweremade by diluting an arsenic standard
1mg/mL As in 2% KOH from Aldrich) with 0.02M NaCl solution.
ifferent concentrations of arsenic, from 25 to 100ppm, were pre-
ared in thismanner. Under these conditions (i.e., at pHvalues from
2 to 12.5), most of the arsenic is present as AsO43− (>95%), and a
mall amount asHAsO42− (<5%) (as determinedwith CHEAQS [10]).
.2. EQCM measurements
The electrodes used for the EQCM measurements were AT-cut
MHz piezoelectric quartz crystals, coated with Pt (0.3m thick)
eposited over a Ti adhesion layer (50nm thick), with an area
f 0.196 cm2. The surface roughness of the electrode was deter-
ined to be 2.1 from the reduction peak B in Fig. 1a (see below).U
Please cite this article in press as: E. Morallón, et al., Arsenic species interactions with a porous carbon electrode as determined with an
electrochemical quartz crystal microbalance, Electrochim. Acta (2009), doi:10.1016/j.electacta.2009.02.023
he quartz crystal was set vertically in a cell made of Teﬂon and
sed as the working electrode in a three-electrode electrochem-
cal cell. The reference electrode was Ag/AgCl (Satd KCl), and a
piral-wound platinum wire was used as the counter-electrode.
he electrochemical experiments were performed with an EG&G
Fig. 1. (a) Voltammogram; (b) electrode mass behavior; and (c) massogram (dM/dt
vs. E) of the bare Pt electrode at a solution pH of 12 at 50mV/s in NaCl electrolyte, as
a function of arsenic concentration. The data all correspond to the ﬁfth voltammetric
cyclebeginningwithapositivepotential sweep from0V, except for theanodic sweep


































































































































E. Morallón et al. / Electroc
AR model 263A potentiostat. The EQCM was an EG&G PAR model
CA917. A capacitance of 1nF was used to isolate the potentiostat
rom the microbalance. The resonant frequency and the resonant
dmittance were converted into an analog voltage with a digital-
o-analog converter and recorded. Linearity of the relation between
esonance frequency and the change in crystalmasswas veriﬁed by








here f is the measured resonant frequency change (Hz), n
s the fundamental mode of the crystal, f2 is the resonant fre-
uency prior to deposition, Q is the shear modulus of quartz
2,947×1010 Nm−2), Q is the density of quartz (2651Kgm−3), m
s the mass change, and A is the piezoelectrically active area. This
quationwas used to calculate themass change from the frequency
hange, neglecting the small viscous effects observed, with an inte-
ral sensitivity of 1.7×108 Hz cm−2 g−1.
Cabot carbon black T-10157 was mixed with Teﬂon binder
20wt%) and then with water to make an emulsion of
5mgcarbon/ml. This mixture was homogenized in an ultrasonic
ath for at least 40min. 10L of this emulsion was deposited on
he platinum electrode and dried with an IR lamp. All measure-
ents were performed under ambient conditions. The amount of
eposited activated carbon was about 250g. However, the fre-
uencychangedetectedcorrespondsonly toabout1g. Thechange
n frequency was less than 2% of the frequency of the unloaded
rystal, and thus use of the Sauerbrey equation is warranted [11].
n this case the sensitivity, as determined by platinum electrode-
osition, is of the same order of magnitude as that with platinum
lectrode. The surface roughness of the electrode is around 80. At
igh rugosity values such as this, the measured frequency changes
ould be affected via the opposing effects of mass increase and
ugosity reduction [12,13]. However, in the current case, the quan-
ities of arsenic deposited are so low (on the order of ng) that no
igniﬁcant change in rugosity will occur.
. Results and discussion
.1. Response of the Pt electrode
In Fig. 1 are presented data obtained during a steady voltammet-
ic cycle for the EQCM bare Pt electrode: (a) the CV data at 50mV/s;
b) the corresponding EQCMmass data; and (c) the derivative of the
QCM mass data, or the massogram [14]. Each voltammetric cycle
egins at 0V, ramps anodically to +0.8V, then cathodically from
0.8 to −0.7V, and then completes the cycle anodically from −0.7
o 0V. The data shown are for the ﬁfth cycle, except for the anodic
ortion from −0.7 to 0V, which is the end of the fourth cycle. (The
oltammograms are steady by about the third cycle.) Fig. 1a and b
s discussed immediately below, and Fig. 1c subsequently.
As shown in Fig. 1a, without arsenic the voltammogram exhibits
he characteristic features expected for a platinum electrode. The
egion between −0.7 and −0.55V corresponds to the so-called
ydrogen adsorption–desorption zone. During the anodic sweep,
H− adsorption is ﬁrst observed at about −0.26V, beginning the
ormation of platinum surface oxide. During the cathodic sweep,
he reduction peak (B) of the platinum surface oxides, located at
bout −0.28V, is also observed [15,16]. It is noted that all the poten-
ials reported here are vs. Ag/AgCl (Satd KCl), and they are shifted to
igniﬁcantly lower values than in acidic media, in accordance withU
Please cite this article in press as: E. Morallón, et al., Arsenic species in
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he well-known dependence of reaction potential on pH.
As shown in Fig. 1a, the addition of arsenic results in the appear-
nce of a large peak (A) in the steady voltammograms, located
t about +0.38V, and another cathodic peak (C) located at about
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As(III) to As(V) on Pt by a number of authors [3,17–20]. Cabelka
et al. [17] observed this peak in an acidic medium at +0.85V (vs.
SCE) and attributed it “to the simultaneous processes of (i) oxide
formation, (ii) oxidation of adsorbed As(III), and (iii) oxidation of
As(III) transported to the electrode surface. . .” The data in Fig. 1a
exhibit a linear increase in the peak current of peakAof 0.15A/cm−2
(MAs)−1, while the data of Cabelka et al. [17] in an acidic medium
on a Pt RDE also show a linear, but larger current increase of about
1.3A/cm−2 (MAs)−1. The data of Dai and Compton [3], also in an
acidic medium on a Pt “macro electrode,” exhibit the same behav-
ior, but with 0.6A/cm−2 (MAs)−1. These observed differences are
attributed to the available amount of As(III) in acidic vs. alkaline
media, and/or perhaps the number of catalytic Pt sites available
for arsenic oxidation from solution in the case of each electrode.
In alkaline solutions, almost all the arsenic in the bulk solution is
As(V). Consequently, the contribution of As(III) from solution to the
oxidation peak is limited to what is formed and present on the sur-
face and available in solution in the vicinity of the surface during
theCV. PeakC in Fig. 1a is attributed to the formationofAs(0)/As(III)
on the Pt surface [17]. The anodic current observed from −0.5 to 0V
during the anodic sweep is attributed to the oxidation of As(0) as
subsequently discussed below.
In Fig. 1b are presented the corresponding mass data for the Pt
electrode vs. the potential, as recorded by the EQCM for the same
cycle as in Fig. 1a. As shown, the data without arsenic exhibit com-
pletely reversible mass gain and loss and zero net change in mass
per cycle. Most of the mass is gained relatively evenly during the
anodic sweep, corresponding to platinum oxidation, and most of
it is lost more precipitously in the reduction of platinum oxides
during the cathodic sweep. The mass data with arsenic in solution
are quite different. Almost all of the mass gain occurs at the end
of the cathodic sweep, which coincides with the reduction peak
attributed primarily to the formation of As(0)/As(III) (peak C). The
mass loss occurs in two stages—during the anodic sweep at positive
potentials (peak A) from approximately 0.3V, and another coinci-
dent with the negative cathodic peak (peak B), which is attributed
primarily to the reduction of the Pt surface.
From Fig. 1b, the mass loss over peak A during the anodic sweep
from about 0V to the end of the sweep is the same value of about
10.5ng for 100, 75, and 50ppm solutions. (The 25ppm solution
data are discussed further below). However, it is also noted that
the electrode mass in the absence of arsenic increases by about
13.5ng over this same potential range due to Pt oxidation. Conse-
quently, the latter behavior considerably “masks” the actual mass
loss due to arsenic oxidation/desorption. During the anodic sweep
over the potential region of peak A it is quite likely that almost all
the active Pt sites, whether originally containing adsorbed arsenic
or not, end up oxidized by the end of the sweep (as evidenced by
the relatively ﬂat mass curve during the return cathodic sweep for
Pt in the absence of arsenic), then it is reasonable to assume that
the total mass gain due to Pt oxidation will be roughly similar in
the presence of arsenic as well. This assumption means that the
actual mass loss due to oxidation/desorption of adsorbed arsenic
for the three highest concentration arsenic solutions was actually
about 24ng. This approximation is supported by the behavior of
the “loop” in the mass record evident at the highest anodic poten-
tials for all the arsenic-containing solutions upon switching from
the anodic to the cathodic sweep, which is invariant with arsenic
concentration. Examination of these data indicates that this “loop”
is caused by the mass increase due to Pt oxidation, occurring simul-
taneouslywith themass loss due to oxidation/desorption of arsenicteractions with a porous carbon electrode as determined with an
), doi:10.1016/j.electacta.2009.02.023
from the surface. Correction of the mass behavior due to Pt oxida- 241
tion eliminates this “loop” for all the arsenic solutions, consistent 242
with the preceding assumption. 243
Shibata et al. [19] have determined that arsenic deposited as 244
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s(III) as (As2n)(ad)O3n complexes on Pt and Au surfaces, where
he Asad are adsorbed arsenic atoms, or “ad-atoms.” The subse-
uent oxidation/hydrolysis/desorption of these complexes to As(V)
n alkaline solution occurs according to the stoichiometry:
As2)(ad)O3 +10OH− → 2AsO43− +5H2O + 4e, (2)
hich corresponds to a netmass loss from the electrode of 99g/mol
sad.
Since the mass loss in peak A is the same for the three high-
st arsenic concentrations, this means that the adsorbed arsenic
ites at the inception of peak A are saturated for the three high-
st concentrations (but not for the lowest concentration of 25ppm,
rom which only a net mass loss of about 17ng occurs). However,
s can be seen from Fig. 1a, the total charge comprising the peak
ncreases monotonically with arsenic concentration. Consequently,
here must be an additional process occurring than the oxidation
f just the adsorbed arsenic to produce the signiﬁcant observed
hange in current.
It has been well established that Pt sites can participate catalyt-
cally in the oxidation of As(III) from solution in accordance with a
rocess that has been demonstrated for arsenic in acidic solutions
3,17,18]. In this process, OH− and As(III) are adsorbed on a Pt site
rom solution. Transfer of the oxygen atom from the adsorbed OH
o arsenic then oxidizes As(III) to As(V), which then desorbs from
he catalytic site to complete the process. In alkaline solution at ele-
ated pH, As(O)2OH2−(aq) is the most stable form of As(III) [21,22],
nd the corresponding anodic electrocatalytic process is:
s(O)2OH2−(aq) + 3OH− → AsO43−(aq) + 2H2O + 2e (3)
ith no attendant change in the electrode mass.
From the preceding, it is concluded the peak A current is the
esult of at least two processes: (1) oxidation of (As2n)adO3n surface
omplexes that originate from the reduction of As(V) from solution
n peak C; and (2) electrocatalytic oxidation of As(III) from solution
n the immediate vicinity of the electrode.
In Table 1 are summarized the results obtained from the anal-
sis of peak A, in accordance with the preceding observations. It
s noted that the total charge in peak A (corrected for the double
ayer charge) is almost perfectly linear with the bulk As concentra-
ion at 0.025nmol electrons/ppm As. As shown, the contribution to
he total charge from the oxidation/desorption of the pre-existing
s(III) surface complexes produced by As(0) oxidation is less than
hat from the electrocatalytic oxidation of As(III) from solution,
anging from about 27% for the 25ppm solution to 15% of the total
or the 100ppm solution. In the case of the 25ppm solution, it isUN
CO
RR
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pparent that there was insufﬁcient arsenic deposited on the Pt
lectrode prior to peak A to populate all the available contiguous
ites, as occurred for the three higher concentrations. However,
s shown in Table 1, the amount of As(III) oxidized from solution
emains linear in the bulk arsenic concentration.
able 1








loss (c) (nmol elect
25 1.35 0.18 0.36
50 1.96 0.24 0.48
75 2.58 0.24 0.48
100 3.20 0.24 0.48
a) Integral of peak A current (50mV/s), corrected for the electrode double layer charge.
b) Assuming 99g/mol mass loss (reaction (2)).
c) 2 electrons per original Asad oxidized/desorbed (reaction (2)).
d) By difference.
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The amount of Pt active sites calculated from the total corrected
charge in reduction peak B for the non-arsenic-containing elec-
trolyte in Fig. 1a is 0.9nmol. Based on this value, from Table 1 it is
noted that the “Pt-catalyzed” oxidation of As(III) to As(V) becomes
truly catalytic (i.e., exhibitinga turnovernumbergreater thanunity)
for the two highest As concentrations of 75 and 100ppm.
Under alkaline conditions, practically all the arsenic in the bulk
solution is As(V). Consequently, the contribution of As(III) from
solution to the oxidation peak is limited to what is available in
the immediate vicinity of the surface during the CV. In Fig. 1b, at
the inception of the return cathodic sweep following peak A, it is
noted that the mass of the electrode following peak A continues to
decrease slowly. (The mass loss is also “masked” by the increase in
mass of the Pt electrode over in this region.) Thus, there is still some
arsenic left on the electrode after peak A.
It is well known that stable Pt oxides “passivate” the Pt surface
with respect to “detection,” or oxidation of As(III) [18]. Cabelka et
al. [17] have postulated As(III) adsorption onto PtO, as well as PtOH
sites. Those adsorbed on PtO sites will be stable, since the oxygen
atom is bonded to Pt and will not oxidize As(III). These PtOAs(III)
complexes will survive anodic oxidation until Pt is reduced. The
latter begins at about −0.1V to become peak B (i.e., “peak D” in
the work of Cabelka et al. [17]). As shown in Fig. 1a, in the pres-
ence of arsenic the amplitude of this peak decreases and shifts
to more negative potentials with increasing arsenic concentration.
This process occurs simultaneously with the reduction of Pt sur-
face oxides (peak B). In the vicinity of peak B it is expected that the
PtO in the stable arsenic sites will also be reduced; e.g., in alkaline
solution:
e + H2O + PtOAs(ad)(O)2OH2− → PtOHAs(ad)(O)2OH2− +OH− (4)
The oxygen atom in the adsorbed OH in PtOH sites has been
identiﬁed as primarily responsible for the oxidation of As(III) from
solution to As(V) in anodic peak A [3,17,19]. Consequently, As(III)
in the resultant complex can then be oxidized by transfer of the
oxygen from the adsorbed OH to arsenic:
PtOHAs(ad)(O)2OH
2− +2OH− → PtAs(ad)(O)43− +2H2O + e (5)
In the total current data in Fig. 1a, reactions (4 and 5) represent
a redox process (i.e., Pt reduction and arsenic oxidation) that pro-
duces no net charge. Consequently, it appears as an “inhibition” or
diminution of peak B in terms of total current, since the Pt sites
involved do not consume an electron as they would have in the
absence of the stable arsenic complexes.
In Fig. 1a it is noted that there is almost zero anodic current
for all the arsenic solutions during the return cathodic sweep fromteractions with a porous carbon electrode as determined with an
), doi:10.1016/j.electacta.2009.02.023
about 0.7 to 0.1V. However, the data of Cabelka et al. [17] and Dai 338
and Compton [3] in acidic media, both exhibit considerable anodic 339
current over this range of potential, proportional to the bulk con- 340
centration of arsenic in their solutions. Under acidic conditions, 341
where As(III) is the predominant arsenic form in the bulk solution, 342
to mass
rons)
Anodic charge due to As(III)
adsorption/oxidation from
solution (d) (nmol electrons)
As(III) from solution oxidized
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he anodic current during the return cathodic sweep is most prob-
bly a continuation of the electrocatalytic oxidation of As(III) from
olution. However, in the present case under alkaline conditions,
here all the available As(III) in solution in the immediate vicinity
f the electrode appears to be exhausted in peak A, there should
e little or no anodic current over this same potential range, just as
hown by the data.
Immediately following peak B in the cathodic sweep appears
eak C, that is attributed to the adsorption and reduction of As(V)
rom solution. Since the potential stability region for As(III) at high
H is very narrow [21,22], the reduction of As(V) to As(III) will be
mmediately followed by reduction to As(0), resulting in elemental
rsenic deposition, contributing to the observed precipitous mass
ncrease over a small potential range (Fig. 1b). This is the primary
ource of the arsenic that is subsequently oxidized back to As(V)
nd desorbed in peak A. Once deposited, the As(0) undergoes rapid
xidation to form an “oxy-arsenic surface polymer” of As(III) with
planar structure [19]. As discussed above, Shibata et al. [19] pro-
osed that As(ad)(0) ad-atoms are deposited on the Pt surface by
apid reduction of As(V) from solution. As(ad)(0) is then oxidized to
+1 valence state, OH-As(ad), and then rapidly to As(ad)(III), form-
ng As2nO3n. The initial mechanistic step proposed by Shibata et
l. [19] exhibits a mass change per electron, M/n=17. Subsequent
teps in their mechanism to produce As(ad)2nO3n exhibit M/n=8. It
s noted, however, that their data are also consistent with the elec-
rocatalytic mechanism discussed above. That is, in alkaline media,
H− adsorbs onto As(0) sites:
H− +Pt[As(ad)(0)] → PtOH[As(ad)(0)] + e, (6)
with M/n=17. Subsequent transfer of the oxygen atom from the
dsorbed OH to arsenic will then oxidize As(0) to As(III):
OH− +PtOH[As(ad)(0)] → Pt[OAs(ad)(III)OH] + H2O + 2e, (7)
ith M/n=8. Condensation reactions between contiguous oxidized
rsenic sites will then produce As(ad)2O3:
Pt[OAs(ad)(III)OH] + Pt[OAs(ad)(III)OH]
→ Pt[O = As(ad)(III)-O-As(ad)(III) = O]Pt + H2O, (8)
tc., to continue to grow the surface oxide as As(ad)2nO3n. In alkaline
edia, the overall stoichiometry is:
nOH− +2nAs(ad) → As(ad)2nO3n +3nH2O + 6ne (9)
ith M/n=8. From the current data and that which exists in the
iterature, it is not possible to determine which mechanism is more
orrect—that of Shibata et al. [19] involving arsenic oxidation to
+1 valence state, or the electrocatalytic oxygen transfer reaction.
owever, this mechanistic difference does not affect the present
ata analysis and conclusions.
The apparent mass gain in peak C for the three highest concen-
rationarsenic solutions is about the sameat18.4ng.However, from
ig. 1b it is noted that the Pt electrode in the absence of arsenic
oses about 4.3ng over the same potential range, which “masks”
he actual mass gain due to arsenic. If it is assumed that the lat-
er remains about the same in the presence of arsenic, this means
hat approximately 22.7ng is gained from arsenic deposition. The
harge, corrected, for the double layer charge over this same range,
s about 0.71 electronnmol, or M/n=32g/electron mol. The process
f adsorption and reduction of As(V) (as AsO43−) from solution to
s(0) yields M/n=75/5=15g/electron mol, while the overall pro-
ess of adsorption and reduction of As(V) to adsorbed As(III) (asU
Please cite this article in press as: E. Morallón, et al., Arsenic species in
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sO1.5) is 99/2 =49.5 g/electronmol. Since the experimental value
ies between these two limits, it is concluded that about 76% of the
s(V) from solution is reduced to AsO1.5 in peak C. The remain-
ng 24% of the arsenic as As(0) becomes oxidized during the return
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current during the anodic sweep from about −0.5 to 0V, and the
concomitantmass increases evident in Fig. 1b over this same range.
Mass loss in successive CV cycles is apparent for all the arsenic
solutions at the lowest potentials, which repeats from cycle to cycle
after the voltammograms become steady (i.e., after about the third
cycle). From Fig. 1b, these mass “deﬁcits” are about 2.3, 4.9, 5.4, and
8.8ng for the 25, 50, 75, and 100ppm solutions. Since no corre-
sponding mass deﬁcit occurs in the absence of arsenic, these must
be due to arsenic redox processes. The mass increase due to arsenic
reduction in peak C is roughly the same as the mass loss due to
oxidation in peak A. However, the mass remaining on the elec-
trode following peak A is of the same order of magnitude as the
mass deﬁcit between cycles. As discussed above, the arsenic mass
remaining on the electrode at the end of peak A is attributed to
stable As(III) complexes formed from solution on deactivated PtO
sites that are slowly oxidized and desorb as As(V) during the return
cathodic sweep following peak A.
In Fig. 1c is presented a plot of the derivative of the electrode
mass with respect to time (dM/dt) vs. the applied potential, known
as a massogram [14,23–25]. This type of data representation can be
particularly useful in cases where the current behavior is coupled
to adsorption/desorptionof species, andwhere capacitative current
effects predominate such that the CV is relatively featureless, as
is the case with arsenic redox on the carbon electrode (CE) (see
below). In the absence of arsenic, Fig. 1c clearly shows the large
mass loss peak during the cathodic sweep, corresponding to the
reduction of Pt surface oxides (peak B) [3,17,18]. It also shows the
more gradual and steady mass gain during the anodic sweep due to
platinumoxidation. In the presence of arsenic, themaximumof the
cathodic mass loss corresponding to reduction of platinum surface
oxides (peak B) appears to shift slightly to more positive potentials,
similar to what is evident in the behavior of the charge in Fig. 1a.
Fig. 1c also clearly shows the anodic mass loss peak (peak A) and
the cathodic mass gain peak (peak C).
3.2. EQCM response of the carbon electrode (CE) in the electrolyte
In Fig. 2a are presented cyclic voltammograms (CV) for the
carbon electrode (CE) in the sodium chloride electrolyte for ﬁve
consecutive cycles, starting from 0V. As shown, in comparison to
Fig. 1a, the CV is featureless, reﬂecting an essentially capacitative
process, in agreement with the large contribution of the double
layer to the total charge. This also indicates that the process is dom-
inated by the CE, and that the effects of the underlying Pt surface
are negligible in the presence of the carbon layer.
In Fig. 2b are presented the corresponding mass data for the
CE vs. potential, as recorded with the EQCM for ﬁve consecutive
cycles. As shown, the CE mass decreases continuously, but steadily,
with cycling by about 14–18ng/cycle. Once steady cyclic condi-
tions are attained, the largest mass loss occurs during the cathodic
sweep from 0V to more negative potentials. This is followed by a
smaller mass increase during the anodic sweep. Experiments were
also conducted continuously under similar conditions for up to
30 cycles, while exhibiting very similar steady mass losses. This
behavior differs signiﬁcantly from that in Fig. 1b in the absence of
arsenic for the bare Pt electrode, for which the mass record was
completely reversible and reproducible from cycle to cycle. Conse-
quently, the behavior in Fig. 2b must be due to a net mass loss of
carbon from redox processes under these experimental conditions.
Similar redox processes have also been observed during the investi-
gationof capacitance changeswithpHof ahigh speciﬁc surface areateractions with a porous carbon electrode as determined with an
), doi:10.1016/j.electacta.2009.02.023
carbon cloth [26]. Under alkaline conditions (pH values from13.6 to 463
10), a cathodic process was identiﬁed at potentials below 0.6V vs. 464
RHE (i.e., at about −0.3V vs. Ag/AgCl) thatwas related to an uniden- 465
tiﬁed base active surface functionality [26]. This is consistent with 466
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Fig. 2. (a) Voltammogram; (b) electrode mass behavior; and (c) massogram (dM/dt
vs. E) of the carbon electrode at a solution pH of 12 at 50mV/s in the NaCl electrolyte
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with carbon–oxygen surface groups, most probably formed on the
carbon surface during the anodic sweep.
The corresponding massogram for the ﬁve consecutive cycles is
presented in Fig. 2c. In this ﬁgure, the large, broad mass loss peak
during the cathodic sweep is clearly evident with a maximum at
approximately −0.4V, as well as the much broader, but smaller
mass gain peak centered at approximately −0.1V during the anodic
sweep.
Under anodic conditions in alkaline solution, carbon oxidation
can occur via adsorption of hydroxide and oxidation of carbon in a
fashion analogous to what occurs on Pt, as discussed above; i.e.,
C() + 2OH− → C(O) + H2O + 2e, (10)
or
2C() + 3OH− → C(O2) + C(H) + H2O + 3e, (11)
where C() is a reactive carbon site, and C(O) and C(O2) are car-
bon–oxygen surface complexes. Under alkaline conditions, these
can be various types of complexes like semiquinones, carboxyls,
phenols, esters, etc. Therefore, as used here, C(O) and C(O2) are
simply intended to be representative of the various types of CO and
CO2-producing carbon–oxygen surface complexes that may partic-
ipate in the carbon redox processes. The broad mass gain peak in
Fig. 2c during the anodic sweep is attributed to oxidation processes
like reactions (10 and11) that produce carbon–oxygen surface com-
plexes.
Under cathodic conditions in alkaline solution, carbon–oxygen
surface complexes can also be reduced according to reactions like:
C(O) + 2H2O + 2e
→ CO + 2C(H) + 2OH−,orCO + 2C() + H2 +2OH− (12)
C(O2) + 3H2O + 3e
→ CO2 +3C(H) + 3OH−,orCO2 +H2 +C() + C(H) + 2OH−
(13)
to produce gaseous oxides of carbon, and, possibly, H2. These are
electrogasiﬁcation steps that cause mass loss from the carbon elec-
trode as CO and CO2, as well as create additional carbon active sites
from the broken bonds created when the solid carbon atom leaves
the surface as a carbon oxide.
Addition of the two half-cell reactions (10) and (12), and (11)
and (13) yield:
C() + H2O → CO + 2C(H),orCO + H2 (14)
C() + 2H2O → CO2 +4C(H),orCO2 +2H2 (15)
which are electrochemical analogs in alkaline solution of the well-
known thermal steam gasiﬁcation reaction.
Electrochemical carbon gasiﬁcation, or electrogasiﬁcation, also
sometimes referred to by the more generic term of “carbon cor-
rosion,” which includes oxidation, has been reported by a number
of authors in various electrochemical contexts [27–29]. Such redox
cycles involving net carbon loss account for at least some of the
mass loss observed during the cathodic sweep, as well as the mass
increase during the anodic sweep by forming carbon–oxygen sur-
face complexes. Electrogasiﬁcation is thebackgroundagainstwhich
the arsenic redox reactions occur on the CE, as discussed below.
Although the gasiﬁcation products are CO, CO2, and H2, it is
important to note that no gas bubbles were ever observed on theteractions with a porous carbon electrode as determined with an
), doi:10.1016/j.electacta.2009.02.023
surface or in the vicinity of the electrode. This is understandable 523
in terms of the very small amounts of gas generated per cycle. For 524
example, assuming an upper limit of gas generation of about 18ng 525
of CO, this is about 0.6nmol, which is a total gas volume of 0.015l 526






































































Fig. 3. (a) Voltammogram; and (b) mass behavior of the carbon electrode at a solu-
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n diameter. However, since gas generation is distributed over the
ntire electrode surface, it is much more likely that the generated
ases dissolve in solution. Under these conditions, the saturation
evel of dissolved CO inwater in contactwith CO gas is 990nmol/ml
30], which far exceeds the electrogasiﬁcation generation capac-
ty in the present experiments. H2 bubbles would not be observed
ither for the same reason since the value of the Henry’s law con-
tant for H2 is similar to that for CO [30]. CO2 bubbles would not
e observed either, for similar reasons, especially since CO2 is even
ore soluble inwater thanCO (i.e., theHenry’s lawconstant for CO2
n water is two orders of magnitude greater than that for CO [30]).
onsequently, the cathodic mass loss peak in Fig. 2c is attributed to
lectrogasiﬁcation processes like reactions (12 and 13).
The formation of C(H) complexes on the carbon surface is also
ikely. Indeed, hydrogen chemisorption on carbon active sites has
ecently been detected in electrochemical experiments by in situ
aman spectroscopy [31]. It is also well known that gas phase
ydrogen dissociatively chemisorbs on carbon active sites, and can
lso recombine to release H2 [32–35]. In alkaline solution, active
arbon sites can also be generated anodically from C(H) sites via
H− adsorption and hydrogen abstraction:
(H) + OH− → C() + H2O + e (14)
The C() sites could then be further oxidized to C(O) or C(O2).
owever, since more than one active site can be produced for every
athodic gasiﬁcation step (exactly how many depend on the nature
f the oxygen surface complex decomposed, aswell as the nature of
he carbon (for example, whether it is ordered or disordered), the
mportant point is that carbon electrogasiﬁcation produces addi-
ional carbon sites that are available for arsenic redox as well.
.3. EQCM response of the CE in arsenic-containing electrolyte
In Fig. 3a arepresented the steadyCVdata for theCEas a function
f arsenic concentration in the electrolyte solution. A comparisonof
igs. 2a and 3a shows considerable changes with increasing arsenic
oncentration. In particular, the current decreases appreciably over
he entire cycle. This decrease of the double layer charge may be at
east partially attributable to the effect of substitution of the much
arger As(V) anions (AsO43−) for chlorine ions, even though they are
ess concentrated.
In Fig. 3b are presented the corresponding mass data for the
E. Qualitatively, these data are remarkably similar to those for the
are Pt electrode in arsenic solutions in Fig. 1b, except that themass
ariations are considerably larger (attributed to the larger number
f active sites in the CE than on the bare Pt electrode). The similarity
s due to the fact that the redox mechanisms for the Pt and C()
ites are mechanistically similar. However, as noted previously, the
rsenic-free data on the bare Pt electrode in Fig. 1b show no net
ass change upon cycling, whereas the corresponding data for the
E electrode in Fig. 2b exhibit a relatively large net mass loss on
he order of 18ng per cycle due to carbon electrogasiﬁcation. But,
he net electrode mass data for the arsenic-containing solutions in
ig. 3b all still show relatively small net mass losses per cycle, just
s in Fig. 2b.
Even though arsenic and oxygen may compete for similar active
arbon sites in the CE electrode, even at 100ppm the arsenic con-
entration is still an order of magnitude less than that of OH−, and
hus there should be relatively little difference in the carbon elec-
rogasiﬁcation rate in the presence of arsenic. Consequently, the
arge net mass loss of the CE due to carbon electrogasiﬁcation atU
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he end of the cathodic sweep “masks” the cathodic mass gain due
o arsenic in peak C. Instead of a mass loss, on the CE electrode
here is clearly a signiﬁcant mass gain due to arsenic reduction
ver successive cycles for all the arsenic concentrations. It is also
oted that the behavior of the mass loss in peak A is very similar
603The data all correspond to the ﬁfth voltammetric cycle beginning with a positive
potential sweep from 0V, except for the anodic sweep portion from −0.7 to 0V,
which is the end of the fourth cycle.
to what was found on the bare Pt electrode. That is, following the
peak there is still a relatively large residual mass of arsenic left on
the electrode which gradually decreases with decreasing potential
during the cathodic sweep. This suggests a similar arsenic oxida-
tion process occurring in peak A as that for the bare Pt electrode;
that is, oxidation of surface AsO1.5 and As(III) from solution. How-
ever, a similar analysis cannot be performed for the CE as for the
Pt electrode because the faradaic current data are obscured by the
relatively large capacitative current.
The behavior of the total mass of the CE for ﬁve successive
cycles as a function of arsenic concentration is shown in Fig. 4a.
Correcting these data for the effect of carbon electrogasiﬁcation by
subtracting the CE mass loss data in the absence of arsenic yieldsteractions with a porous carbon electrode as determined with an
), doi:10.1016/j.electacta.2009.02.023
Fig. 4b. As expected from the preceding discussion, the net mass 604
loss per cycle observed in Fig. 4a “masks” the mass gain due to 605
arsenic reduction on additional active sites created by carbon elec- 606
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For the porous carbon electrode, a continual mass loss was 658NC
OR
RE
ig. 4. (a) Total mass behavior of the carbon electrode, and (b) “corrected” mass
ehavior due just to arsenic at a solution pH of 12 at 50mV/s in the NaCl electrolyte
or ﬁve CV cycles as a function of arsenic concentration.
ass loss observed in Fig. 4a and the arsenic mass gain in Fig. 4b
ecome relatively linear with cycle or time. From Fig. 4a, the elec-
rogasiﬁcation rate in the absence of arsenic is about 18ng/cycle.
or a 0.25mg carbon electrode, this corresponds to a gasiﬁcation
ate of 72g/g/cycle, or about 72g/g/min. From Fig. 4b, the net
ass gain per cycle for the 100ppm arsenic solution data is about
8–7=11ng/cycle. Assuming that the mass gain is mostly as AsO1.5,
his suggests that the increase in net cathodic arsenic removal is
bout 0.11nmol/cycle, or, for an estimated 0.25mg of carbon in the
E, 444nmolAs/gC/cycle, or 444nmolAs/gC/min.
The corresponding massograms for the 100ppm arsenic solu-
ion on the CE for ﬁve cycles in Fig. 4 are presented in Fig. 5. As
hown, they appear qualitatively similar to those in Fig. 1c for the
are Pt electrode in the presence of arsenic. However, peaks A and C
re considerably larger, andpeakB, although comparable, is slightly
maller. The maximum of the cathodic mass loss peak B is locatedU
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t about −0.2V, rather than about −0.4V as in Fig. 1c, and the
athodicmass gainpeakC is larger andbroader and located at about
0.5V. However, the arsenic oxidation peak A, although larger, is
till located at about +0.4V. The differences in peaks B are consis-D 
PR
Fig. 5. Massogram (dM/dt vs. E) of the carbon electrode mass behavior at a solution
pH of 12 at 50mV/s with 100ppm arsenic in the NaCl electrolyte solution for ﬁve CV
cycles.
tent with the difference in electrode materials. That is, peak B in
Fig. 5 most probably involves reduction of carbon–oxygen surface
complexes, as well as oxy-arsenic surface complexes. The oxidation
of carbon sites evident in Fig. 2c appears to be suppressed in Fig. 5,
most probably as a result of competition with arsenic.
The large cathodic mass gain peak appears to be analogous to,
although much greater than that observed on the bare Pt electrode
(peak C). This is attributed primarily to the uptake of As(V) on car-
bon active sites, some of which are created by electrogasiﬁcation,
followed by reduction to As(0) and AsO1.5, analogous to the overall
stoichiometry of the reactions on Pt; i.e.,
C() + AsO43− +4H2O + 5e → C(As(0)) + 8OH−, (16)
followed by reaction (9) to produce As2nO3n. surface complexes.
Correspondingly, the large mass loss peak at positive potentials
(peak A) is attributed to the oxidation of As(III), both from As2nO3n
surface complex species, as well as from solution, and their desorp-
tion as As(V).
4. Conclusions
The interactions of arsenic species with platinum and porous
carbon electrodes have been investigated and compared using
EQCM and cyclic voltammetry in alkaline solutions. In the case of
the bare Pt electrode, the processes associated with the adsorp-
tion/desorption of oxygen and hydrogen can be well differentiated
with the EQCM. In the presence of arsenic, reduction/deposition
of As, as well as electrocatalyzed oxidation/desorption by Pt can
be distinguished with the EQCM. These features are all shifted to
more negative potentials than in acidic media, in agreement with
thepHdependenceof the arsenic redox reactions. TheEQCMresults
reveal that the redox of arsenic on the porous carbon electrode is
mechanistically similar to that on the bare Pt electrode.teractions with a porous carbon electrode as determined with an
), doi:10.1016/j.electacta.2009.02.023
always observed during potential cycling, with or without arsenic 659
in the solution. This was attributed to carbon electrogasiﬁcation. 660
The proposed mechanism includes the anodic formation of car- 661
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he overall reaction being analogous to thermal steam gasiﬁca-
ion of carbon. The apparent mass loss per cycle was observed to
ecreasewith increasing arsenic concentration. Thiswas attributed
o a net increase in adsorbed arsenic per cycle that increased with
rsenic concentration, offsetting the carbon mass loss. This was
ttributed to additional carbon adsorption sites involved in arsenic
pecies interactions, created by electrogasiﬁcation, thereby aug-
enting the net uptake of arsenic per cycle.
It is demonstrated that EQCM is a very useful technique for dis-
inguishingarsenic species interactionswith carbonelectrodes. The
atter is difﬁcult to accomplish with just classical cyclic voltam-
etry due to the large contribution of the double layer for most
arbon materials. Consequently, EQCM techniques may also prove
o be effective for investigating the redox/adsorption/desorption
haracteristics of other species with carbon materials as well.
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